The immunoreactive insulin (IRI) release patterns produced by continuous theophylline stimulation of rat pancreas have been defined, using an in vitro perfusion system. In the presence of glucose, citrate, and pyruvate at concentrations which were nonstimulatory by themselves, continuous stimulation with theophylline produced a biphasic IRI release profile. In the absence of substrate, continuous theophylline stimulation produced only an abrupt and limited primary response. Of the substrates tested, only glucose significantly enhanced this primary response. With increasing theophylline concentrations, whether in the presence or absence of substrate, significant increases were noted in the primary response as estimated by either the maximum rate of IRI release attained or by the total amount of IRI released during this time. Similarly, the secondary responses to theophylline increased with theophylline concentration in the presence of either citrate or pyruvate. With glucose as substrate, however, increasing theophylline concentrations from 2.5 to 5, then 10 mM produced a progressive reduction in both indices of the secondary response, which was inversely related to the primary response. These findings suggest that cyclic AMP not only mediates IRI release in quantitative terms but is also implicated in the qualitative nature of the response pattern. They also indicate a possible metabolic basis for biphasic IRI release, the acute or primary response being dependent upon the basal state of the cell lease patterns produced by continuous theophylline stimulation of rat pancreas have been defined, using an in vitro perifusion system. In the presence of glucose, citrate, and pyruvate at concentrations which were nonstimulatory by themselves, continuous stimulation with theophylline produced a biphasic IRI release profile. In the absence of substrate, continuous theophylline stimulation produced only an abrupt and limited primary response. Of the substrates tested, only glucose significantly enhanced this primary response. With increasing theophylline concentrations, whether in the presence or absence of substrate, significant increases were noted in the primary response as estimated by either the maximum rate of IRI release attained or by the total amount of IRI released during this time. Similarly, the secondary responses to theophylline increased with theophylline concentration in the presence of either citrate or pyruvate. With glucose as substrate, however, increasing theophylline concentrations from 2.5 to 5, then 10 mM produced a progressive reduction in both indices of the secondary response, which was inversely related to the primary response. These findings suggest that cyclic AMP not only mediates IRI release in quantitative terms but is also implicated in the qualitative nature of the response pattern. They also indicate a possible metabolic basis for biphasic IRI release, the acute or primary response being dependent upon the basal state of the cell and the availability of endogenous energy sources, the secondary response upon the availability of exogenous substrate.
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INTRODUCTION
Since the advent of radioimmunoassay techniques for the assay of insulin in plasma (1) , increasing emphasis has been assigned to the possible role of anomalies of dynamic aspects of isulin release in the pathogenesis of diabetes mellitus. It has been established in normal man (2) (3) (4) and in some animal preparations in vitro (5, 6) that continuous glucose stimulation produces a biphasic pattern of insulin release, and it has been suggested that this pattern could result from either intracellular feedback modulations (5, 7) or the presence of two storage pools of insulin with different release rates (8, 9) . The apparent early delay in insulin release after glucose challenge in overt or chemical diabetics (1, 3, (10) (11) (12) (13) and potential (those with presumed genetic predisposition) diabetics (3, 4) has been related to failure of the initial phase of insulin release, resulting in an inadequate and/or delayed response.
Recently, much data has been accumulated to implicate 3',5'-cyclic AMP (cAMP) in the process of insulin release (14) (15) (16) (17) . MethyLxanthines, which inhibit cAMP phosphodiesterase activity (18) , potentiate insulin release in vitro (14, 15, 19, 20) and provoke rapid insulin release in vivo in rat (21) , dogs (22) , and in man (23) . Utilizing a perifusion system previously shown to respond to pancreatic f-cell stimulation in a manner similar to that established for in vivo and other in vitro systems (24, The maximum release rate achieved and the total amount of IRI released during both the primary and secondary responses were derived from the measured flow rates and the concentrations of IRI in the fractions. The total amount of IRI released during the primary response period was obtained by simple addition (all effluent over this period having been collected and assayed); the total amount of IRI released during the secondary response was calculated for each individual experiment from the area subtended by the plot of IRI released against time. (Fig. 4) .
RESULTS
Four indices served to estimate the mean individual responses to stimulation: the maximum IRI release rates (independent of time of occurrence) achieved during the primary and during the secondary responses (R1 and Re), and the corresponding total amounts of IRI released (T. and T.) are shown in Table I . The values for Ri and R% in this table are greater than those seen in Figs. 1-4 ; in a pooled time plot the maximum rate appears blunted due to slight asynchrony of individual peaks.
The significance of the differences in these indices which were induced by changes in theophylline concentration within each substrate series are indicated in Table II . In the absence of theophylline, no change from basal IRI release rates was observed with any of the substrates in the concentrations used. Both in the absence and in the presence of any one of the three substrates, theophylline produced a rapid initial (primary) release of IRI, during which both the maximum rate of IRI release and the total amount of IRI released were increased in a dose-dependent fashion. The relationship between the primary and secondary responses in each experimental series, as reflected by the relationship between R% and T2 are illustrated in Figs. 5 a, b, and c. In these figures all values from each series are plotted individually and without regard to theophylline concentration. Positive correlations were observed for citrate (r = 0.766, P < 0.01) and pyruvate (r = 0.776, P < 0.01) as substrates, but a clear negative corelation was seen with glucose as substrate (r = -0.740, P < 0.001). The correlations observed in all series when Ti and Ta were compared (for citrate, r = 0.752, P < 0.01; for pyruvate, r = 0.715, P < 0.01; and for glucose, r = -0.674, P <0.01), were quite similar to those for (18) and has been shown to increase intracellular levels of cAMP in isolated pancreatic islets (27) . It is not known to what extent theophylline effects on phosphorylase phosphatase (28), on phosphorylase (29), or on other intracellular activities may contribute to, or modify the cAMP phosphodiesterase-mediated action. It is nevertheless reasonable to assume that the effects of theophylline on IRI release are mediated, at least in part, by changes in the cAMP content of p-cells. The present study establishes that biphasic patterns of IRI release may be obtained in vitro in response to theophylline, in the presence of substrate. A biphasic IRI release into the portal vein of rats had also been demonstrated in vivo by Turtle, Littleton, and Kipnis (21) using a single injection of theophylline, although these authors attributed the biphasic pattern of the response to intravascular mixing effects. Our observations suggest that this biphasic pattern may well be related to the nature of the methylxanthine stimulation as such. Furthermore, the data reported here indicate that the relationship of the primary to the secondary IRI release responses during continuous theophylline stimulation may be modified by the nature of the substrate present during stimulation, thereby suggesting that cAMP not only mediates IRI release in quantitative terms but may also be implicated in the qualitative nature of the response pattern.
Results of in vitro studies with isolated islets from adult rat pancreas have led to the suggestion that the presence of exogenous substrate or intense in vivo glucose preloading was necessary for the manifestation of a methylxanthine effect of IRI release (14) . Lambert, Junod, Staffacher, Jeanrenaud, and Renold, utilizing cultured explants of fetal rat pancreas demonstrated that added substrate was not necessary for methylxanthineinduced IRI release (30) , but these explants had been cultured for some days in a high glucose medium. In the present study, using pancreases from fasted adult rats, a primary brisk IRI response to theophylline was observed in the absence of added substrate, while exogenous substrate was required for the secondary phase of IRI release. These data suggest that, in adult rat pancreas maintained in vitro, rapid but limited IRI release may be stimulated by increased availability of cAMP, independently of exogenous substrate. The possibility that glycogen may be a significant energy source for this-reaction is supported by electron microscopic and chemical evidence for the presence of glycogen in adult P-cells (31, 32 In contrast to the effects of theophylline on this preparation and in contrast to the effects of glucose in perfusion systems (5, 7, 8) , previous work had shown that stimulation with even large concentrations of glucose resulted in only small primary IRI responses with vigorous secondary increases in the rate of IRI release (24, 25) . The combination of minimal primary responses to glucose stimulation and brisk or enhanced responses to agents increasing intracellular cAMP are not exclusive characteristics of our perifusion system, or indeed of in vitro systems. A relayed IRI response to glucose, possibly secondary to an absent or diminished primary response, has been described in diabetic and potentially diabetic subjects in vivo (1, 3, 4, (10) (11) (12) (13) while such patients may respond with brisk insulin release to glucagon (33, 34) and theophylline (23) administration.
Similarly, an overall depressed response to glucose has been reported for fetal and perinatal pancreatic tissue both in vitro (20, 30, 35) and in vivo (36, 37) with the in vitro tissue response being enhanced in the presence of cAMP phosphodiesterase inhibitors (20) . Possible reasons for such an anomaly in our preparation might result from changes in the basal metabolic state and the reactivity of insulin release mechanisms of pancreatic P-cells obtained from animals fasted overnight and isolated from all other tonic or facilitating influences originating elsewhere in the organism, such as humoral regulators of gastrointestinal origin (33, 34, (38) (39) (40) (41) , hormones originating in other endocrine glands (15, 42, 43) , and the autonomic nervous system (28, [44] [45] [46] [47] [48] [49] [50] [51] [52] . The absence of such factors may result in failure to maintain critical concentrations of cAMP or of other as yet hypothetical cofactors required for full effectiveness of substrate stimulation. It is evident that accumulation of cAMP to a critical level would be facilitated by the presence of an inhibitor of its degradation, such as theophylline.
In the presence of substrate, theophylline not only induces a primary response but also a secondary IRI release at substrate concentrations which are by themselves nonstimulatory. The secondary response may also be induced by an increase in the level of substrate alone a 100 5 Relationship between maximum rate of insulin release during primary response (R1) (ordinate) to theophylline and the total amount of insulin released during the secondary response (Ts) (abscissa) (as the same time interval was utilized to define the secondary response in all experiments the "total" amount of insulin released is directly related to the mean rate of release over this period). 5 
